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Abstract The cerebellum is a morphologically unique brain
structure that requires thyroid hormones (THs) for the correct
coordination of key cellular events driving its development.
Unravelling the interplay between the multiple factors that can
regulate intracellular TH levels is a key step to understanding
their role in the regulation of these cellular processes. We
therefore investigated the regional/cell-specific expression
pattern of TH transporters and deiodinases in the cerebellum
using the chicken embryo as a model. In situ hybridisation
revealed expression of the TH transporters monocarboxylate
transporter 8 (MCT8) and 10 (MCT10), L-type amino acid
transporter 1 (LAT1) and organic anion transporting polypep-
tide 1C1 (OATP1C1) as well as the inactivating type 3
deiodinase (D3) in the fourth ventricle choroid plexus, sug-
gesting a possible contribution of the resulting proteins to TH
exchange and subsequent inactivation of excess hormone at
the blood-cerebrospinal fluid barrier. Exclusive expression of
LAT1 and the activating type 2 deiodinase (D2) mRNA was
found at the level of the blood–brain barrier, suggesting a
concerted function for LAT1 and D2 in the direct access of
active T3 to the developing cerebellum via the capillary endo-
thelial cells. The presence of MCT8 mRNA in Purkinje cells
and cerebellar nuclei during the first 2 weeks of embryonic
development points to a potential role of this transporter in the
uptake of T3 in central neurons. At later stages, together with
MCT10, detection of MCT8 signal in close association with
the Purkinje cell dendritic tree suggests a role of both trans-
porters in TH signalling during Purkinje cell synaptogenesis.
MCT10 was also expressed in late-born cells in the rhombic
lip lineage with a clear hybridisation signal in the outer exter-
nal granular layer, indicating a potential role for MCT10 in the
proliferation of granule cell precursors. By contrast, expres-
sion of D3 in the first-born rhombic lip-derived population
may serve as a buffering mechanism against high T3 levels
during early embryonic development, a hypothesis supported
by the pattern of expression of a fluorescent TH reporter in this
lineage. Overall, this study builds a picture of the TH depen-
dency in multiple cerebellar cell types starting from early em-
bryonic development.
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Introduction
Thyroid hormones (THs) have been characterised as essential
regulators of vertebrate brain development. They coordinate
the complex interplay between multiple processes including
cell proliferation, differentiation and migration, but also
neurite outgrowth, synaptogenesis and myelination [1]. To
obtain a fully functional brain, the level of active TH reaching
the different neural cell types needs to be strictly regulated [2].
Most actions of THs depend on binding of 3,3′,5-triiodo-
thyronine (T3) to nuclear TH receptors (TRs), which function
as ligand-activated transcription factors directly regulating ex-
pression of TH-regulated genes [3, 4]. Changes in intracellular
ligand availability are controlled by iodothyronine
deiodinases, with the type 2 deiodinase (D2) as the main ac-
tivator and the type 3 deiodinase (D3) as the main inactivator
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of THs in the brain [5]. To enter the cells, TH uptake across the
plasma membrane is facilitated by several types of transmem-
brane transporters, including monocarboxylate transporters
(MCTs), members of the organic anion transporter family
(OATPs) and L-type amino acid transporters (LATs) [6]. In
this way, the concerted function of these key regulatory factors
in different neural cell types is an important indicator of the
potential TH dependency of a certain cell lineage.
The importance of TH transport and deiodination for cor-
rect neurodevelopment has been clearly demonstrated by
knockout/knockdown studies in transporter or deiodinase-
deficient mice and zebrafish [7–12]. The most prominent ex-
ample in this regard is the creation of models for MCT8 defi-
ciency to unravel the underlying mechanisms of the Allan-
Herndon-Dudley syndrome (AHDS), a disorder characterised
by severe psychomotor retardation due to mutations in the
human SLC16A2 gene coding for the MCT8 transporter [13,
14]. The different models showed that unlike AHDS patients
and MCT8-deficient zebrafish, MCT8 knockout mice do not
display overt neurological symptoms [10, 15–17]. Based on
these observations, it was assumed that other transporters can
compensate for the loss of MCT8 in the mouse brain [7, 18].
Indeed, analysing MCT8/OATP1C1 double knockout mice
showed that both TH transporters act together in regulating
TH access to the developing brain and that only the double
knockout exhibits clear neurological impairments [19].
Despite interspecies differences in the neurological outcome
of TH transporter deficiency, these knockout/knockdown
studies in different animal models clearly point out the impor-
tance of transport and deiodination for normal T3-induced
central nervous system development in vertebrates.
Because of its limited number of cell types and well-
characterised, conserved, laminar organisation, the cerebellum
has proved to be a valuable model for studying the cell spec-
ificity of TH uptake and metabolism in the developing brain
[7, 20]. Induction of hypothyroidism during late cerebellar
development in rodents and birds leads to clear structural al-
terations including a reduction of the dendritic arborisation of
Purkinje cells (PCs) and a severe delay of the migration of
granule cells (GCs) towards their final position in the cerebel-
lar cortex [21–24]. How these conserved responses to TH
manipulation are embedded within a combinatorial network
of transporter and deiodinase expression across cerebellar tis-
sues is less clear. We therefore performed a detailed develop-
mental analysis of the expression pattern of TH transporters
and deiodinases in the chicken cerebellum which, like that in
human, but in contrast to the rodent, is well-developed at the
time of birth [25, 26].We determined the expression pattern of
the TH transporters MCT8, MCT10, OATP1C1 and LAT1 as
well as the activating D2 and inactivating D3 deiodinases.
Their expression was studied at the mRNA level from day 6
of embryonic development (E6), prior to the onset of embry-
onic thyroid gland functioning, until day 18 (E18). Our results
suggest that differing spatio-temporal and cellular sensitivities
to TH signalling are conferred by the differential expression of
TH transporters and deiodinases.
Experimental Procedures
Tissue Sampling
Fertilised White Leghorn chicken eggs were obtained from a
commercial hatchery (Wyverkens, Halle, Belgium). The eggs
were incubated in a forced draft incubator at 38 °C and 50 %
relative humidity and automatically turned at a 45° angle ev-
ery hour. Chicken embryonic development takes 21 days from
fertilisation to hatching. The start of the incubation period was
called embryonic day 0 (E0). After 6, 10, 14 and 18 days of
incubation (E6–E18), eggs were opened and the embryonic
cerebellum was collected in phosphate buffered saline (PBS,
pH 7.4). All tissue samples were fixed overnight in 4 % para-
formaldehyde (PFA) in PBS (4 °C), after which they were
cryoprotected until the next day in 20 % sucrose in PBS
(4 °C). Samples were finally embedded in Tissue-Tek®
O.C.T.TM Compound (Sakura Finetek, Alphen aan den Rijn,
The Netherlands) and frozen on a liquid nitrogen cooled metal
stub for storage at −80 °C until cryosectioning. Sections were
cut in the topographical sagittal plane, except for the E6 cer-
ebellum which was cut in the transversal plane. All experi-
mental protocols were approved by the Animal Ethics
Committee of the KU Leuven and were conducted in strict
accordance with the European Communities Council
Directive (2010/63/EU).
In Situ Hybridisation and Immunohistochemistry
In situ hybridisation (ISH) studies on 12μm cryosections were
performed using digoxigenin (DIG)-UTP-labelled antisense
riboprobes, as previously described [27], based on the protocol
by Hidalgo-Sánchez et al. [28]. Each gene was analysed on
sections from three different animals per developmental stage
to confirm observed expression patterns. Detailed information
on the specific probes for chickenMCT8,MCT10, OATP1C1,
LAT1, D2 and D3 is summarised in Table 1. While LAT2 may
also be important in TH uptake in the mammalian brain [17],
this transporter was not included in our expression study since
it seems to be absent in chicken and birds in general [29]. Our
previous study on the expression of TH regulators showed that
alsoD1mRNA can be detected in the choroid plexus of chick-
en embryos by qPCR [29], but this deiodinase could not be
included in the present study since no hybridisation signal was
found using the conventional ISH protocol. As negative con-
trols, hybridisation experiments were carried out with the cor-
responding sense probes on consecutive sections at embryonic
stage E14. Sections were processed in the same manner as the
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sections incubated with the respective antisense probes. None
of the sense probes gave a positive staining.
To identifyMCT8-expressing cells at the earliest stage test-
ed (E6), co-localisation studies were performed using an ISH
probe for the cerebellar nucleus (CN) marker Tbr1 [30, 31]
and the PC-specific marker RORα, a nuclear receptor control-
ling early PC dendritic differentiation [32]. The identity ofD3-
expressing cells was studied using a probe for Lhx9, a marker
of extra-cerebellar isthmic nuclei populations [30, 31]. DIG-
labelled RNA probes were detected using an anti-DIG anti-
body conjugated with alkaline phosphatase (AP) and
visualised using a combination of nitro blue tetrazolium
(NBT) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP) as
a colorimetric substrate. Selected adjacent sections were
immunolabelled for a variety of proteins using the primary
antibodies: mouse-anti-Calbindin-D-28K (1:500; Sigma-
Aldrich, St. Louis, MO, USA), mouse-anti-NeuN (1:200;
Chemicon, Temecula, CA, USA), mouse-anti-Vimentin
(1:100; Sigma-Aldrich, St. Louis, MO, USA), mouse-anti-
Reelin (1:500; gift from Dr. A. Goffinet, University of
Louvain, Brussels, Belgium), mouse-anti-Pax6 (1:200;
Developmental Studies Hybridoma Bank, Iowa University,
USA) followed by visualisation via appropriate Alexa Fluor
secondary antibodies (Invitrogen) or the TSATM FT/Cy3 am-
plification system (Perkin Elmer).
Co-localisation studies at the cellular level started with de-
tection and visualisation of the respective riboprobes. Sections
were then incubated overnight with rabbit-anti-Lat1 (1:100;
Cosmo Bio Co., LTD., Tokyo, Japan) to detect the LAT1
protein or mouse-anti-Vimentin (1:100; Sigma-Aldrich, St.
Louis, MO, USA) to label immature astrocytes. Alexa Fluor
488-labelled goat-anti-rabbit or goat-anti-mouse (Invitrogen)
was used as secondary antibody. To give a higher resolution
staining in co-labelling studies for D2 and LAT1, Fast Blue
was used as a fluorescent substrate for AP instead of NBT/
BCIP [33, 34].
In ovo Electroporation
Fertilised White Leghorn chicken eggs were incubated at
38 °C for 3 days prior to windowing with sharp surgical
scissors. Using a pressure microinjector (Femtojet,
Eppendorf), the fourth ventricle was injected with 100 to
200 nl of 0.8 to 2 μg/μl DNA plasmid (containing 0.1 %
Fast Green; Sigma-Aldrich, St. Louis, MO, USA), singly or
in combination: pCAβ-eGFP-m5 [35], Atoh1-cre [36], lox-
stop-lox-mCherry [37] and TH/bZIP-eGFP (gift from Dr. B.
Demeneix, MNHN, Paris, France) [38]. Electroporation was
performed with bent L-shaped gold-plated electrodes (0.5 mm
diameter; Genetrodes model 514, BTX, Harvard Apparatus)
positioned on either side of the hindbrain. Three 20-ms pulses
of 10 V with pulse intervals of 100 ms were applied using an
ECM 830 Electro Square Porator (BTX, Harvard Apparatus).
Following in ovo manipulation, eggs were resealed and incu-
bated at 38 °C until the desired stage. Embryos electroporated
with the pCAβ-eGFP-m5 plasmid were incubated for a fur-
ther 15 days to analyse expression in the Purkinje cell layer
(PCL) (n=3). At E18, the cerebellum was dissected and proc-
essed for cryosectioning. Embryos electroporated with Atoh1-
cre, lox-stop-lox-mCherry and TH/bZIP-eGFP plasmids were
harvested at E6, dissected and brains prepared as whole
mounts. Only preparations where mCherry was clearly pres-
ent in each of the major populations of rhombic lip derivatives
were used for analysis (n=4). The reliability of TH/bZIP as a
reporter of T3 signalling in chicken cells was shown on a
separate set of embryos by combining electroporation of the
TH/bZIP-eGFP plasmid at E3 with injection into the ventricle
of either 5 μl of pure vehicle (Tyrode’s solution) or 5 μl ve-
hicle containing Methimazole (20 mM)+amiodarone (1 μM)
to inhibit possible early TH synthesis as well as TR-dependent
signalling by maternal TH. Embryos were collected at E6 and
brains prepared as whole mounts (n=3/condition).
Imaging
All brightfield and fluorescently labelled sections were
mounted in Mowiol mounting medium (Sigma-Aldrich, St.
Louis, MO, USA). Brightfield sections were examined under
a Zeiss Imager Z1microscope using the digital image process-
ing software Zen 2012 (Carl Zeiss, Oberkochen, Germany).
Digital images of fluorescently labelled sections and whole
mounts were acquired on an Olympus FV1000 confocal
Table 1 List of riboprobes used
for ISH experiments Protein Gene name NCBI accession no. ISH probe Restriction enzyme/RNA polymerase
Size (bp) Position AS S
MCT8 SLC16A2 XM_426274.4 894 2089–2982 SphI/SP6 SpeI/T7
MCT10 SLC16A10 XM_419783.4 881 317–1197 NdeI/T7 SphI/SP6
OATP1C1 SLCO1C1 NM_001039097.1 943 912–1854 SphI/SP6 SpeI/T7
LAT1 SLC7A5 NM_001030579.2 801 141–941 SphI/SP6 SpeI/T7
D2 DIO2 NM_204114.3 911 1021–1931 SphI/SP6 SpeI/T7
D3 DIO3 NM_001122648.1 819 264–1242 SpeI/T7 SphI/SP6
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microscope. For examination of the effectiveness of the TH/
bZIP reporter in different experimental conditions, whole
mounts were scored for either presence or absence of GFP
signal. For this purpose, the detection sensitivity, linearity
and degree of electronic gain in confocal image capture were
kept constant for all samples. Relative intensities were then
gauged using a ‘thermal’ lookup table for quantification of
GFP expression. Here, white represents the peaks of fluores-
cence intensity and blue areas of low fluorescence yield. PCs
derived from electroporated progenitor cells expressing the
pCAβ-eGFP-m5 plasmid are shown in red for optimal image
acquisition when combining brightfield and fluorescent sig-
nals detected by a Zeiss Imager Z1 microscope.
Results
To build a general picture of the potential dependency of the
developing cerebellum on THs, we determined the presence
and cell-specific localisation of the repertoire of genes regulating
TH uptake and metabolism. We investigated the expression pat-
tern of the TH transportersMCT8,MCT10,OATP1C1 and LAT1
and the deiodinases D2 and D3 in 6- to 18-day-old chicken
embryos. An overview of the cell-specific expression pattern of
each of these key regulatory factors in TH homeostasis in the
cerebellum throughout this period is provided in Table 2.
Expression Pattern of MCT8 and MCT10
Analysis of MCT8 mRNA expression showed a pronounced
hybridisation signal at E6 in the embryonic cerebellum that
remains high throughout the investigated period. The
identity of the early MCT8-expressing cells at E6 was
revealed using the CN marker Tbr1 and the PC-specific
marker RORα which controls early PC dendritic differ-
entiation (Fig. 1a). Both markers exhibited an expres-
sion pattern similar to the MCT8 transporter suggesting
that both CN and PCs, two distinct neuronal cell types
present in the cerebellum, already express MCT8 in the
early stages of their development. At E10 (Fig. 1b) and
E14 (Fig. 1c), strong MCT8 hybridisation signal was
still detected in developing PCs. Detailed analysis of
our ISH results at this stage showed that MCT8 expres-
sion was not uniform throughout the PCL, with clear
differences in signal intensity apparent between different
cerebellar folia (white and black arrows in Fig. 1c). By
E18 (Fig. 1d), the MCT8 signal in the PC somata was
strongly reduced while a strong signal was apparent in
the molecular layer (ML). Higher magnification views
of GFP-positive PCs (red label in Fig. 1e) from E18
embryos that had been electroporated with the pCAβ-
eGFP-m5 plasmid revealed that at least part of the
MCT8 transcripts are found in close association with
the PC dendritic tree. MCT8 was also detected in the
CN at high levels until E14 (Fig. 1a–c) with a de-
creased signal intensity at E18 (Fig. 1d). In addition
to neurons, the choroid plexus of the fourth ventricle
was also found to be MCT8-positive at all stages tested
(Fig. 1f, Table 2). A pronounced signal for MCT8
mRNA could already be detected at E6 in both the
medial and lateral choroid plexus and expression
remained high throughout the stages studied.
Table 2 Overview of the cell-specific localisation of TH transporter and deiodinase-specific hybridisation signals in embryonic chicken cerebellum
and fourth ventricle choroid plexus
The presence of hybridisation signal in a specific cell type is depicted as at E6, at E10, at E14 and at E18. Size difference (♢ vs.♢) indicates
the predominance of expression in the medial or lateral choroid plexus
ChP lat, lateral choroid plexus; ChP med, medial choroid plexus; CN, cerebellar nuclei; GC, granule cells; PC, Purkinje cells
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Fig. 1 Expression pattern ofMCT8mRNA in the cerebellum and fourth
ventricle choroid plexus of the chicken embryo. a The schematic diagram
shows the location where representative sections of the E6 cerebellum
were made (green line). The red linemarks out the part of the cerebellum
of which higher magnification images are shown. Serial transverse
sections of E6 cerebellum show that the PC-specific marker RORα as
well as the CN marker Tbr1 exhibit an expression pattern similar to
MCT8. b, c In both neuronal populations, MCT8 is still expressed at
E10 and E14. Detailed analysis at E14 c further demonstrates that
MCT8 expression is not uniform throughout the PCL, showing clear
differences in signal intensity between different cerebellar folia (black
and white arrows indicate sites of high and low MCT8 expression
respectively). The small panel with the sense probe at E14 represents
the negative control. d At E18, MCT8 mRNA signal is found in the
ML and signal intensity has decreased in the CN. e Higher
magnifications of a GFP-positive PC (signal converted to red) from
embryos electroporated with the pCAβ-eGFP-m5 plasmid (see schematic
diagram) reveal the presence of MCT8 mainly in close association with
the PC dendritic tree, probably representing the site for climbing fibre –
PC synaptogenesis. f Detailed imaging of the choroid plexus shows high
MCT8 expression at all stages tested. For all panels, blue staining repre-
sents the positive hybridisation signal of which some examples are
indicated by black arrowheads. The dashed lines delineate the regions
of higher magnification views. IV, fourth ventricle; Cb, cerebellum; ChP,
choroid plexus; CN, cerebellar nuclei; EGL, external granular layer; H,
hindbrain; ML, molecular layer; PC, Purkinje cell; PCL, Purkinje cell
layer. Scale bars: 100 μm (panels a–d, f) and 20 μm (panel e)
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Staining the cerebellum at E14 with cell-specific
markers on adjacent cryosections revealed a similar ex-
pression pattern for MCT8 (Fig. 2a) and the PC marker
calbindin (Fig. 2a’), but not vimentin (Fig. 2c), a mark-
er of immature astroglia, suggesting the presence of this
transporter in maturing PCs. Similarly, based on the
analysis of MCT8 (Fig. 2d), the neuronal marker,
NeuN (Fig. 2e), and vimentin (Fig. 2f) it can be as-
sumed that the MCT8 transporter is present in neuronal
populations in the cerebellar white matter consistent
with a CN identity.
MCT10 was not expressed in the early cerebellar plate at
E6 (Fig. 3a). However, by E10 (Fig. 3b), and through
to E14 (Fig. 3c), MCT10 was found in the external
granular layer (EGL) of the cerebellar cortex. Detailed
comparison (Fig. 3d) with immunostaining for Pax6, a
marker of GC progenitors, and Reelin, an extracellular
matrix protein secreted by cerebellar GCs at the onset
of their radial migration, showed that MCT10 was
expressed in the outer EGL, but not the inner EGL.
By E18 (Fig. 3e), the majority of GCs have migrated
into the internal granular layer (IGL); however, MCT10
expression remained in what is now the largely cell-free
ML of the cerebellar cortex. Using electroporation of
GFP (pCAβ-eGFP-m5 at E3) to sparsely label the
PCL (Fig. 3f), a high magnification analysis showed at
least part of the MCT10 signal in close association with
Fig. 2 Cellular localisation of the MCT8 transporter in specific neuronal
populations in the embryonic chicken cerebellum. a–c In situ
hybridisation shows pronounced MCT8 expression in maturing PCs at
E14 (a). At this stage, immunostaining of the cerebellum with cell-
specific markers revealed a similar expression pattern for MCT8 and
Calbindin (a’) as well as NeuN (b) but not Vimentin (c). d–f Based on
the analysis of MCT8 (d), NeuN (e) and Vimentin (f), it can be assumed
that MCT8 is present in CN. For all panels, positive signal is indicated by
black (ISH) or white (IHC) arrowheads. CN, cerebellar nuclei; EGL,
external granular layer; IGL, internal granular layer;ML, molecular layer;
PC, Purkinje cell; PCL, Purkinje cell layer. Scale bars: 50 μm
Fig. 3 Expression pattern ofMCT10mRNA in the cerebellum and fourth
ventricle choroid plexus of the chicken embryo. a At E6, no MCT10
mRNA signal is detected in the early cerebellar outgrowth. b Sagittal
sections of E10 cerebellum reveal MCT10 expression in the outer EGL.
cAlso at E14,MCT10 signal can be detected in the outer EGL. The sense
probe represents the negative control for ISH experiments. d Comparison
of the MCT10 signal with immunostaining for Reelin and Pax6 at E10
and E14 shows that MCT10 is expressed in the EGL, but not in radially
migrating post-mitotic granule cells. e At E18, MCT10 mRNA signal is
no longer apparent in the EGLwhereas a clear signal is found in theML. f
Higher magnifications of a GFP-positive PC (signal converted to red)
from embryos electroporated with the pCAβ-eGFP-m5 plasmid (see
schematic diagram) reveal the presence of MCT10 in close association
with the PC dendritic tree, probably representing the site for climbing
fibre – PC synaptogenesis. g Detailed imaging of the choroid plexus
reveals low MCT10 expression at E6, but at no later stages. For all
panels, blue staining represents the positive hybridisation signal of
which some examples are indicated by black arrowheads while white
arrowheads indicate positive signal for cell-specific markers (IHC). The
dashed lines delineate the region of higher magnification views. IV, fourth
ventricle; Cb, cerebellum; ChP, choroid plexus; EGL, external granular
layer; H, hindbrain; ML, molecular layer; PC, Purkinje cell. Scale bars:
100 μm (panels a–c, e, g), 50 μm (panel d) and 20 μm (panel f)
b
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the dendritic tree of PCs (shown in red). MCT10 was
expressed at low levels in the medial and lateral choroid
plexus at E6, but not at later stages of embryonic de-
velopment (Fig. 3g, Table 2).
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Expression Pattern of LAT1 and D2
Our ISH analysis revealed a preferential expression of both
the LAT1 transporter and the D2 deiodinase in the endothelial
cells of brain capillaries. LAT1 mRNAwas observed in capil-
laries at E6 (Fig. 4a), E10 (Fig. 4b), E14 (Fig. 4c) and E18
(Fig. 4d) with the strongest signal in capillary endothelial cells
at E6 and E14 while expression was reduced at E18. LAT1
expression was also apparent in the medial and lateral choroid
plexus from E10 onwards (Fig. 4e). D2 was expressed in
endothelial cells from E6 to E18 (Fig. 4f–i), but in contrast
to LAT1, D2 mRNA staining was not detected in the choroid
plexus of the fourth ventricle (Fig. 4j).
To exclude the possibility that the LAT1 and D2 signal was
present in astrocytes, an ISH protocol was developed with a
fluorescent substrate for both LAT1 (Fig. 5a, b) and D2
(Fig. 5d, e). Combining this approach with immunolabelling
of vimentin at E14 showed that LAT1- and D2-expressing
capillary endothelial cells are closely aligned to, but do not
overlap, vimentin-positive cells or cell processes (Fig. 5c, f).
In contrast, co-localisation of D2 and LAT1 at the level of the
blood–brain barrier was confirmed at E14 by combining ISH
for D2 with a LAT1 immunostaining, showing clear overlap
between D2- and LAT1-expressing capillary endothelial cells
(Fig. 5g–i).
Expression Pattern of OATP1C1 and D3
ISH analysis showed that OATP1C1 was preferentially
expressed in the medial choroid plexus, while D3 was prefer-
entially distributed in the lateral choroid plexus. OATP1C1
could be detected uniformly across the thin roof plate covering
the fourth ventricle at E6, increasing in intensity through to
E18, but was excluded from the marginal roof plate region at
the interface with the rhombic lip (Fig. 6a). By contrast, D3
showed a broadly complementary expression (Fig. 6b), in-
creasing in labelling intensity between E6 and E18, but show-
ing a restricted spatial distribution to initially the rhombic lip
(E6) and then lateral choroid plexus at later stages. Analysis of
consecutive sections demonstrated a distinct expression pat-
tern ofOATP1C1 andD3 in adjacent choroid plexus epithelial
cell regions, with clear OATP1C1 signals in regions devoid of
D3-specific signals and vice versa (white and black arrows in
Fig. 6a’, b’). While OATP1C1 was not expressed in neuronal
lineages from the earliest stage examined (E6) (Fig. 6c), the
similar expression pattern of D3 and Lhx9 (Fig. 6d) suggests
the presence of the inactivating D3 enzyme in early-born,
extra-cerebellar rhombic lip-derived populations, which give
rise to the isthmic nuclei. Hybridisation signal in these extra-
cerebellar nuclei could no longer be detected at E18 (data not
shown).
To determine whether this D3 expression pattern in cere-
bellar primordium corresponds with intracellular TH levels,
electroporation experiments were performed using the TH re-
porter TH/bZIP-eGFP. This reporter plasmid expresses GFP
under the control of an optimal TH response promoter TH/
bZIP, which contains two TREs and whose expression has
been shown to be strongly upregulated by T3 in both
Xenopus and zebrafish [38, 39]. Plasmids were electroporated
at E3 and embryos were incubated for a further 3 days
(Fig. 7a). To confirm that TH/bZIP is also a reliable reporter
of T3 signalling in chicken cells, GFP expression was com-
pared between control embryos (injected with Tyrode’s solu-
tion) (Fig. 7b) and embryos injected with a combination of the
anti-thyroid drug methimazole and the TR antagonist amioda-
rone (Fig. 7c). Relative GFP intensity was visualised by a heat
map colour scale with white and blue representing, respective-
ly, high and low GFP expression. In control embryos, the
strongest GFP expressionwas found in later-born, more dorsal
rhombic lip derivatives (Fig. 7b). Treatment with anti-thyroid
drugs strongly diminished signal intensity resulting in low to
no signal (Fig. 7c). To subsequently show a link between the
expression ofD3 in early-born isthmic nuclei and intracellular
TH levels, an enhancer of the bHLH transcription factor
Atoh1, which labels rhombic lip-derived populations, was
used to drive mCherry along with the TH reporter TH/bZIP-
eGFP (Fig. 7d, e). Expression of the resulting green versus red
fluorescence at E6 revealed sharp differences in TH signalling
in different populations of rhombic lip derivatives including
the CN. Comparison of cell-specific localisation of both fluo-
rescent labels showed that the most ventral, first-born, D3-
positive (Fig. 7f) extra-cerebellar isthmic nuclei populations
contained less TH-signalling than the later-born D3-negative
rhombic lip-derived populations (Fig. 7d, e).
Discussion
In this study, we have shown mRNA expression of TH
transporters and deiodinases in different cell and tissue
types in the cerebellum and fourth ventricle choroid plex-
us. These patterns reveal a complex mosaic of dynamic
expression that shows the potential for different dependen-
cies on TH signalling between different cell types within
Fig. 4 Expression pattern of LAT1 andD2mRNA in the cerebellum and
fourth ventricle choroid plexus of the chicken embryo. a–i At all stages
tested, ISH on consecutive sections shows pronounced expression of
LAT1 (a–d) and D2 mRNA (f–i) in cerebellar blood vessels. The small
panels with the sense probes at E14 (c, h) represent the negative controls.
e, j Detailed imaging of the choroid plexus reveals the presence of LAT1
mRNA in the choroid plexus epithelium from E10 onwards while no
hybridisation signal is found for D2 throughout embryonic
development. For all panels, blue staining represents the positive
hybridisation signal of which some examples are indicated by black
arrowheads. The dashed lines delineate the regions of higher
magnification views. IV, fourth ventricle; BV, blood vessels; Cb,
cerebellum; ChP, choroid plexus; H, hindbrain. Scale bars: 100 μm
b
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the same brain region. TH transporters are both necessary and
rate limiting for subsequent intracellular TH metabolism [40],
and the interplay between transporters and deiodinases will
regulate TR occupancy in a cell specific way. Even taking into
account that additional regulation occurs between mRNA
expression and actual active protein levels, the in situ
hybridisation data allow to put forward some interesting
models concerning the role of distinct TH regulators in
transport and metabolism of THs during cerebellar
development.
Fig. 5 Cellular localisation of the LAT1 transporter and the D2
deiodinase at the level of the blood–brain barrier in the embryonic
chicken cerebellum at E14. a Fluorescent transcript detection (red)
shows pronounced LAT1 mRNA expression in blood capillaries. b The
negative control (sense probe) for this alternative ISH method shows no
positive signal. c The expression of LAT1 in capillary endothelial cells
and absence in astrocytes was confirmed by combining fluorescent
transcript detection (red) with an immunostaining for Vimentin, a
marker for immature astroglia (green). d Fluorescent transcript
detection (red) shows pronounced D2 mRNA expression in blood
capillaries. e The negative control (sense probe) again shows no
positive signal. f The expression of D2 in capillary endothelial cells and
absence in astrocytes was confirmed by combining fluorescent transcript
detection (red) with a Vimentin immunostaining (green). White
arrowheads indicate the localisation of LAT1 and D2 mRNA signal in
capillary endothelial cells.White arrows indicate Vimentin-positive cells
or cell processes in close proximity of LAT1- or D2-expressing
endothelial cells. No overlap was found between the ISH and
immunopositive signal. g–i Co-localisation of D2 and LAT1 in
capillary endothelial cells was demonstrated by combining D2 ISH
(red) and LAT1 immunostaining (green). Scale bars: 20 μm
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TH Dependency of the PC Lineage
Similar to the situation in the developing human and rodent
cerebellum [21, 41, 42], we found pronounced expression of
MCT8 in specific neuronal populations such as the PCs that
are indeed known to be TH-sensitive [4, 43, 44]. This suggests
that MCT8 plays a decisive role in the uptake of T3 in central
neurons. As in mice [42], we found strongest expression dur-
ing the early stages of PC differentiation followed by a tem-
poral decline inMCT8mRNA expression as PC development
progresses. By E18, expression seems to have shifted from the
PC somata to the MLwhere at least part of theMCT8 signal is
Fig. 6 Expression pattern ofOATP1C1 andD3mRNA in the cerebellum
and/or fourth ventricle choroid plexus of the chicken embryo. a, b
Detailed imaging of the choroid plexus reveals a preferential expression
of OATP1C1 (a) in the medial choroid plexus, while D3 (b) is
preferentially expressed in the lateral choroid plexus. a’, b’ Analysis of
consecutive sections at E14 further shows a distinct expression pattern of
OATP1C1 (a’) and D3 (b’) in adjacent choroid plexus epithelial cells,
with clear OATP1C1 signals in epithelial cell regions devoid of D3-
specific signals (white arrows) and vice versa (black arrows). c, d
While OATP1C1 is not expressed in neuronal lineages at E6 (c),
consecutive sections close to the midbrain-hindbrain region show a
similar expression pattern of D3 and Lhx9 (d), a marker of extra-
cerebellar isthmic nuclei populations. For all panels, blue staining
represents the positive hybridisation signal of which some examples are
indicated by black arrowheads. The dashed lines delineate the regions of
higher magnification views. IV, fourth ventricle; Cb, cerebellum; ChP,
choroid plexus; H, hindbrain. Scale bars: 100 μm
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found in close association with the PC dendritic tree. The
timing of this switch suggest an association with climbing
fibres synaptogenesis [45], but higher resolution methods are
needed to locate theMCT8, as well as theMCT10mRNAwith
a similar distribution, to a specific cell type. Chicken cerebel-
lar PCs express TRs during their late maturation phase [46],
and PC dendritic tree maturation is known to be TH-
dependent [23]. The present results suggest that this is not
only a cell-autonomous response of the PCs, but that TH entry
and signalling may also be regulated in part by other TH-
responsive cells through synapse formation. Given the loca-
tion of MCT8 and MCT10 expression in neurites far away
from nuclear TRs, and the fact that both can transport different
iodothyronines, they could be involved in some of the non-
Fig. 7 Thyroid hormone responsiveness of the Atoh1-positive rhombic
lip lineage in E6 whole-mount chicken cerebellum. a Schematic diagram
of injection and electroporation at E3 and subsequent whole-mount
preparation of E6 brain. The rhombic lip of the cerebellum (red) and
the hindbrain (black) form the boundaries of the fourth ventricle roof
plate (yellow). The blue arrow indicates the localisation of rhombic lip-
derived neurons (blue). b, c Representative pictures showing the
efficiency of using the TH/bZIP-eGFP plasmid to visualise TH
signalling. Vehicle and drug-treated samples were imaged with identical
sensitivity settings on a confocal microscope. Relative GFP intensity was
assessed using a thermal heat map colour overlay where peak
fluorescence is white. Electroporation of the plasmid in control injected
embryos (b) reveals strong TH signalling (white colour, indicated by
yellow arrowhead) in late-born, more dorsal rhombic lip derivatives.
The red dotted line represents the rhombic lip. c In methimazole+
amiodarone-injected embryos, TH signalling is strongly diminished,
resulting in low to no GFP signal in rhombic lip-derived populations
(weak blue signal). The distribution of electroporated cells is shown inset
where the low signal in c has been maximally amplified. The red
dotted line represents the rhombic lip. d, e Representative pictures of
whole-mount E6 chicken cerebellum showing specific labelling of
migrating rhombic lip-derived neurons following co-electroporation of
Atoh1-cre, lox-stop-lox-mCherry and TH/bZIP-eGFP plasmids into the
rhombic lip at E3. The entire rhombic lip lineage is selectively labelled
using the bHLH transcription factor Atoh1 to drive reporter expression
(red). GFP expression under the control of a TH/bZIP promoter is used as
an indicator for the TH activity of the different rhombic lip-derived cell
populations (green). The asterisk indicates the most ventral, first-born,
D3-expressing (indicated in f), extra-cerebellar isthmic nuclei population.
The low green fluorescent signal in this population indicates that these
cells are less TH-responsive than the later-born D3-negative populations.
The red dotted line represents the rhombic lip. f The schematic diagram
shows the location where the representative section of the E6 cerebellum
was made (green line). D3 is expressed in the most ventral rhombic lip-
derived population (asterisk, also indicated in d and e). IV, fourth
ventricle; A, anterior; Cb, cerebellum; D, dorsal; P, posterior; RL,
rhombic lip; V, ventral. Scale bar: 100 μm
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genomic actions of THs. As an example, both T4 and reverse
T3 were shown to bind to a truncated form of TRα1 located in
the cytoplasm of some nerve and glial cells. This regulates
actin polymerisation which in turn is important for laminin
anchoring and hence neurite path finding [47]. This mecha-
nism may be relevant for PC dendritic tree formation and
synaptogenesis and deserves further investigation.
The non-uniform distribution pattern of MCT8-positive
PCs in the PCL, showing clear differences between different
cerebellar folia, is most probably linked to the complex com-
partmental organisation of the cerebellum [48]. It is known
that not all PCs develop simultaneously, but instead, the mat-
uration status varies amongst the different cerebellar folia and
is even not entirely synchronous within a single folium [49].
Whether there is a possible link between the density of MCT8
transporters and the maturation status of PC clusters requires
further detailed investigation of the spatio-temporal distribu-
tion of MCT8 in the PCL.
TH Dependency of the Rhombic lip Lineage
Our results confirm that TH/bZIP-eGFP is a faithful reporter of
intracellular TH activity in chicken, similar to what was shown
before for Xenopus and zebrafish [38, 39]. By electroporation
of this reporter plasmid in the cerebellar primordium, we have
shown that only a subset of rhombic lip-derived populations are
dependent on ligand-mediated TR signalling. The first-born
population, most probably comprising Lhx9-positive, extra-
cerebellar isthmic nuclei [30], shows pronounced D3 mRNA
expression. Expression of a fluorescent reporter shows that
compared to the late-born rhombic lip derivatives, this most
ventralD3-positive population is less TH-driven. This suggests
that the inactivating D3 deiodinase protects the early-born
rhombic lip-derived neurons from high T3 concentrations dur-
ing early cerebellar development. These results are in agree-
ment with studies in human and rodent foetal cerebellum sug-
gesting a role for D3 in restricting the T3 availability at critical
stages of brain development [21, 50, 51]. The later-born popu-
lation of Tbr1-positive CN appears to be TH-dependent corre-
sponding to the pronounced MCT8 signal. This again supports
amodel where theMCT8 transporter plays a decisive role in the
uptake of T3 in central neurons. It would be interesting to com-
bine the MCT8 data with information on the expression of TRs
in these different rhombic lip-derived populations, but this in-
formation is still lacking.
Granule cells, whose development shows a well-
characterised dependence on TH [21, 23, 24], are the last born
in the sequence of production of rhombic lip derivatives. In
chicken embryos, GCs predominantly express MCT10 and
the signal is restricted to the heavily proliferative precursors
within the outer EGL. In mouse cerebellum, different TH trans-
porters are found in both immature GCs in the EGL and post-
mitotic GCs in the IGL [17, 42]. The combined data suggest
that indeed GCs require TH transmembrane transporters for a
sufficient T3 supply during specific phases of their develop-
ment.Whereas in mice, GC precursors in the EGL express little
TRs [52], previous studies on the expression pattern of TRs in
the chicken cerebellum revealed strong TRαmRNA expression
in the primitive EGL, suggesting a prominent role for this re-
ceptor during GC proliferation [46]. Together with the present
findings on MCT10 mRNA expression, this suggests that, in
contrast to mice [53], GC precursors in the chicken cerebellum
may also display a cell-autonomous response to T3.
TH Signalling in the Fourth Ventricle Choroid Plexus
The specific expression of different TH transporters (MCT8,
MCT10, LAT1 and OATP1C1) at the level of the blood-
cerebrospinal fluid barrier confirms previous studies [27, 29]
that implicated the chicken choroid plexus as an important site
to control the direction and rate of TH transport and metabo-
lism. The preponderance of transporter expression in this tis-
sue also raises the possibility that an autocrine TH signalling
pathway may be important in regulating choroid plexus de-
velopment itself. In support of this model, the high expression
ofD3mRNA at the rhombic lip and within the lateral choroid
plexus corresponds with observations that this marginal strip
of cells is reserved as an undifferentiated choroid plexus pro-
genitor pool [54]. In this model, D3 would be expected to
repress TH signalling and prevent premature differentiation
of choroid plexus close to the rhombic lip. The mRNA ex-
pression of the choroid plexus-derived transthyretin (ttr1) is
also actively inhibited in this lateral marginal zone [55].
Transthyretin is produced by the epithelial cells of the choroid
plexus and exclusively secreted into the cerebrospinal fluid,
where it is the main TH-binding protein determining the dis-
tribution of THs towards the brain [56, 57].
The fact that TH transporters and deiodinases are expressed
in the choroid plexus and that deiodinase activity is indeed
present [29] likely enables this barrier structure to adapt both
TH transport and metabolism to the changing TH supply
throughout development. This situation is similar to the situ-
ation in human [50, 58, 59], but differs from data in rat where
no deiodinase activity was found in the choroid plexus. This
means that (in)activation of TH entering the cerebrospinal
fluid from the choroid plexus occurs elsewhere in the rat brain
[57, 60].
TH Signalling at the Level of the Blood–Brain Barrier
In agreement with our previous analysis [29], a capillary
localisation could be confirmed for the LAT1 transporter, sim-
ilar to the situation described in human and rodent brain [42,
61, 62].Whereas transporters such asMCT8 [41, 63],MCT10
[58] and OATP1C1 [18, 63] could be detected in human and/
or murine brain at the level of the blood–brain barrier, these
Cerebellum
transporters do not seem to be expressed in capillary endothe-
lial cells in the developing chicken cerebellum or only at a
level below the detection limit of ISH. In agreement with
earlier studies in chicken brain [27, 64, 65], pronounced D2
mRNA signals were also found in capillary endothelial cells
throughout embryonic development but not in astrocytes. The
preferential capillary localisation of the activating deiodinase
in the embryonic chicken brain contrasts with the predomi-
nant, if not exclusive, astrocytic distribution of D2 mRNA in
the mammalian brain [66, 67]. Together with the choroid plex-
us results, this suggests that the hypothesised model for T3
availability to neurons in the mammalian brain [41] cannot
be generalised, but instead should be further refined according
to the species. In contrast to the rodent/human situation, where
a close coupling between glial cells and neurons is important
for neuronal T3 supply, our results suggest a concerted func-
tion for D2 and LAT1 in the direct access of T3 into the em-
bryonic chicken cerebellum via the capillary endothelial cells.
Conclusions
Our results suggest a model in chicken of how TH transporters
and deiodinases modulate local T3 availability in the develop-
ing cerebellum. The direct access of T3 into the embryonic
chicken cerebellum is probably ensured by a concerted action
of D2 and LAT1 at the level of the blood–brain barrier. This
active T3 can reach specific neuronal cell populations in the
proximity of brain capillaries, where transmembrane transport
may be provided by the MCT8 and MCT10 transporters and
levels of active T3 could be maintained low if necessary by
D3. The expression of the transporters MCT8, MCT10, LAT1
and OATP1C1 in the choroid plexus epithelium indicates an
additional entry path for T3 and T4 into the developing cere-
bellum via the brain–cerebrospinal fluid barrier. Our observa-
tions show that PCs and GCs and, for the first time, neurons in
the CN express a repertoire of transporters that implicate THs
in regulating their development. Our data also point to a link
between the expression of D3 and a way to modulate
responsivity to TH. We suggest that this is important in delin-
eating responses within the rhombic lip lineage and also with-
in the choroid plexus itself as a means of regulating the avail-
ability of progenitors and delimiting the medial portion of roof
plate where choroid plexus will develop.
Where comparative data exist, our results show that the
output of this network of transporters and deiodinases is con-
sistent in terms of cellular responses to THs with other species.
However, our results also reveal considerable interspecies dif-
ferences in the detailed cell-specific expression pattern of dif-
ferent TH regulators, the transporters mediating T4 and T3
entry into the brain and the activating D2 deiodinase.
Collectively, these results suggest that it will be difficult to
generalise conclusions drawn from disruptions of protein
function in a single species. Rather, our results advocate an
approach where conserved developmental themes can be de-
duced by mapping a comprehensive spatial description of TH
regulatory genes onto the pattern of TH responses as revealed
by reporter elements.
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